Transforming growth factor b1 (TGF-b1), a cytokine whose levels are elevated in the airways of patients with asthma, perpetuates airway inflammation and modulates airway structural cell remodeling. However, the role of TGF-b1 in excessive airway narrowing in asthma, or airway hyperresponsiveness (AHR), remains unclear. In this study, we set out to investigate the direct effects of TGF-b1 on human airway smooth muscle (HASM) cell shortening and hyperresponsiveness. The dynamics of AHR and single-cell excitation-contraction coupling were measured in human precision-cut lung slices and in isolated HASM cells using supravital microscopy and magnetic twisting cytometry, respectively. In human precision-cut lung slices, overnight treatment with TGF-b1 significantly augmented basal and carbachol-induced bronchoconstriction. In isolated HASM cells, TGF-b1 increased basal and methacholine-induced cytoskeletal stiffness in a dose-and timedependent manner. TGF-b1-induced single-cell contraction was corroborated by concomitant increases in myosin light chain and myosin phosphatase target subunit 1 phosphorylation levels, which were attenuated by small interfering RNA-mediated knockdown of Smad3 and pharmacological inhibition of Rho kinase. Strikingly, these physiological effects of TGF-b1 occurred through a RhoAindependent mechanism, with little effect on HASM cell [Ca 21 ] i levels. Together, our data suggest that TGF-b1 enhances HASM excitation-contraction coupling pathways to induce HASM cell shortening and hyperresponsiveness. These findings reveal a potential link between airway injury-repair responses and bronchial hyperreactivity in asthma, and define TGF-b1 signaling as a potential target to reduce AHR in asthma.
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Clinical Relevance
This article provides new insights into the mechanism by which airway injury-repair responses promote airway hyperresponsiveness and irreversible airway obstruction, thereby illuminating potential therapeutic targets to abrogate airway hyperresponsiveness in asthma.
Asthma, a chronic obstructive airway disease, affects z300 million individuals worldwide (1) . Asthma is characterized by airway inflammation and airway hyperresponsiveness (AHR) to endogenous or exogenous stimuli (2) . As z5-10% of individuals with asthma are refractory to inhaled corticosteroid therapy (3, 4) , there is an urgent need to identify new therapeutic targets that modulate AHR to reduce asthma-related morbidity.
Transforming growth factor b1 (TGF-b1), a profibrotic cytokine that is elevated in the airways of patients with asthma, is released after airway injury-repair responses and may contribute to AHR (5, 6) . Canonical TGF-b1 signaling begins when activated TGF-b1 binds to the serine-threonine kinase TGF-b type II receptor (TbR-II). After TGF-b1 binding, TbR-II recruits and phosphorylates TbR-I at serine/threonine residues. Activated TbR-I then recruits and phosphorylates Smad2 and Smad3 (Smad2/3), downstream TGF-b1 transcriptional mediators that translocate to the nucleus after association with Smad4 (7, 8) . TGF-b1 can also signal through a variety of Smad-independent pathways in various cell types (9) .
TGF-b1 enhances a-smooth muscle actin, myosin light-chain kinase (MLCK), and smooth muscle myosin heavy-chain contractile protein expression in human airway smooth muscle (HASM) cells, and promotes the differentiation of airway structural cells to a more contractile phenotype (6, 10, 11) . However, the role of TGF-b1 in HASM cell excitationcontraction (E-C) coupling and AHR has yet to be defined.
Classic HASM E-C coupling occurs when an agonist binds to a G protein-coupled receptor (GPCR) on the HASM cell membrane (see Figure 7) . Agonist binding induces an influx of Ca 21 from the sarcoplasmic reticulum into the intracellular space ([Ca 21 ] i ), activating Ca 21 /calmodulin-dependent kinase II (CamKII). Upon phosphorylation by CamKII, MLCK evokes phosphorylation of the 20 kD myosin light chain (MLC20) and subsequent cell shortening (12, 13) . HASM E-C coupling is also mediated by the sensitivity of the contractile apparatus to [Ca 21 ] i . MLC phosphatase (MLCP) regulates the relaxation of HASM through the dephosphorylation of MLC20. In addition, Rho-associated kinase (ROCK) suppresses MLCP activity in a process known as Ca 21 sensitization. Upon agonist binding to HASM cells, the small GTPase RhoA activates ROCK. ROCK suppresses MLCP activity by phosphorylating myosin phosphatase target subunit 1 (MYPT1), the myosin-binding subunit of MLCP (14) . As inactive MLCP can no longer dephosphorylate MLC20, a given level of Ca 21 induces higher levels of phosphorylated MLC20 and a subsequent increase in HASM contractility.
TGF-b1 modulates [Ca

21
] i levels and ROCK activation in some cell types, suggesting a potential role for TGF-b1 in HASM cell E-C coupling. TGF-b1 augments [Ca 21 ] i release in human pulmonary fibroblasts and human osteoblasts (15, 16) . Furthermore, TGF-b1 activates RhoA/ROCK signaling in human periodontal ligament cells, rodent fibroblasts, and mammary epithelial cells (6, 17, 18) . Using primary HASM cells and human precision-cut lung slices (hPCLS), we aimed to elucidate the role of TGF-b1 signaling in HASM cell E-C coupling and AHR.
Methods
HASM Cell Culture
Primary HASM cell lines were derived from the trachea of otherwise healthy, abortedtransplant human lung donors from the National Disease Research Interchange (Philadelphia, PA) and International Institute for the Advancement of Medicine (Edison, NJ). HASM cells were isolated and cultured as previously described (19) .
hPCLS Preparation and Assays hPCLS were prepared from human lung donors from the National Disease Research Interchange and the International Institute for the Advancement of Medicine (20) , and bronchoconstriction assays were conducted as previously described (21) . The log of the half-maximal (EC 50 ) and 25% maximal (EC 25 ) effective concentrations, as well as the maximal agonist-induced contraction (E max ), was calculated from generated dose-response curves.
Immunoblot Analysis HASM cells were serum starved for 24 hours before treatment and collected as previously described (22) . Immunoblots represent findings from individual experiments and are representative of at least three biological replicates.
Magnetic Twisting Cytometry
Magnetic twisting cytometry (MTC) measures dynamic changes in the cytoskeletal stiffness as a surrogate for agonist-induced force generation at the single-cell level (23) . MTC was performed as described in previous studies (24) . ] i was measured using Fluo-8 dye as described previously (22) . After Fluo-8 incubation, images were taken every second for 90 seconds. Carbachol (10 mM) or histamine (1 mM) was manually added to the chamber after 10 frames were recorded. HASM cell fluorescence was normalized to baseline and the area under the curve (AUC) was examined.
TGF-b Ligand and Receptor Transcript Expression
Baseline transcript expression levels were obtained from previously published data (25) . Briefly, primary HASM cells were isolated from five white donors who died of fatal asthma or from 10 donors with no history of chronic illness or medication use. Construction, sequencing, and data analysis of the total RNA-sequencing library were conducted as previously described (25) . For each sample, kallisto (v0.42.3) was used to quantify hg38 transcripts and Sleuth was used for differential expression analysis (26, 27) .
Statistical Analysis
GraphPad Prism software (GraphPad) was used to determine significance evaluated at a P value of ,0.05 using a Student's unpaired t test or multiple t tests with Holm To determine the physiological effects of TGF-b1 on the airway, hPCLS airway lumen area were measured before and after treatment with TGF-b1 as shown in Figure 1 . Overnight TGF-b1 treatment significantly decreased basal hPCLS luminal airway area ( Figure 1A ). To investigate the role of TGF-b1 in mediating AHR, hPCLS were treated with TGF-b1 or vehicle overnight and then stimulated with carbachol in a dose-dependent manner ( Figure 1B ). Because these slices were derived from donors from a heterogeneous population, as expected, we observed variations in the degree of response to contractile agonists. To determine the effect of TGF-b1 on carbachol-induced bronchoconstriction most accurately, we subjected hPCLS to a carbachol contractile test before conducting contractile studies. After washes and incubation to return the slice to the baseline luminal diameter, only hPCLS that exhibited bronchoconstriction of .40% were used for subsequent assays. As shown in Figure 1B , TGF-b1-pretreated hPCLS exhibited a 25% airway narrowing at a lower concentration of carbachol as compared with control (log EC 25 = 20.7867 6 0.088 versus log EC 25 = 21.406 6 0.085), along with a significant increase in the maximal contraction (E max ).
TGF-b1 Augments Basal and Agonistinduced Cell Stiffening and [Ca 21 ] i in HASM cells
The direct effect of TGF-b1 on isolated HASM cell shortening was determined using MTC. Vehicle TGF-β1 Figure 1 . Airway narrowing in transforming growth factor b1 (TGF-b1)-treated human precision-cut lung slices (hPCLS). (A) Top: images were taken both before and after 18 hours of TGF-b1 exposure in one lung slice. Bottom: luminal airway narrowing in TGF-b1 (100 ng/mL, 18 h) and vehicle-treated hPCLS (n = 9 donors). (B) Carbachol (Cch)-induced luminal airway narrowing in TGF-b1 (100 ng/mL, 18 h) and vehicle-treated hPCLS (n = 9 donors). **P < 0.01; ****P < 0.0001. EC 25 = 25% maximal effective concentration; EC 50 = half-maximal effective concentration.
TGF-b1-pretreated HASM cells, however, showed a significantly increased AUC after carbachol stimulation compared with cells treated with carbachol alone ( Figure 2D ).
TGF-b1 Augments Basal and Agonistinduced HASM MLC20 Phosphorylation
We next treated HASM cells with TGF-b1 in the presence or absence of contractile agonists and investigated the phosphorylation of MLC20, a necessary signaling event in agonist-induced HASM contraction ( Figure 3 ). TGF-b1 increased MLC20 phosphorylation in a timedependent manner, significantly sustaining MLC20 phosphorylation for up to 72 hours after exposure ( Figure 3A) . Additionally, TGF-b1 increased basal MLC20 phosphorylation and significantly augmented MLC20 phosphorylation in response to both carbachol and histamine ( Figure 3B ). Inhibition of TbR-I kinase activity significantly reduced TGF-b1-induced MLC phosphorylation and HASM hyperresponsiveness to both agonists ( Figure 3C ).
Rho-associated Kinase Inhibition Prevents MLC20 Phosphorylation by TGF-b1
In addition to increases in [Ca 21 ] i , HASM E-C coupling is also mediated by the sensitivity of the contractile apparatus to Ca 21 . To determine the role of ROCK activation in TGF-b1-mediated HASM cell shortening, we investigated the phosphorylation of MYPT1 as a surrogate for ROCK activation in TGF-b1-treated HASM cells (Figure 4 ). TGF-b1 significantly enhanced basal and carbacholinduced MYPT1 phosphorylation in treated HASM cells ( Figure 4A ).
To determine the necessity of ROCK for TGF-b1-induced MLC20 phosphorylation, we investigated TGF- Figure 5A ). Conversely, Smad2 knockdown had little effect on TGF-b1-induced MLC20 or MYPT1 phosphorylation ( Figure 5B ). Although Smad4 knockdown also tended to decrease TGF-b1-induced MLC phosphorylation, the results were not significant relative to the diluent control ( Figure E2 ). Hist  +  +  ------+  +  --+  -+  -+  -+  +  ------+  +  --+  -+  -+  -TGF-β1 Vehicle C Figure 3 . MLC20 phosphorylation in TGF-b1-treated HASM cells. (A) TGF-b1 (10 ng/mL) induces time-dependent MLC20 phosphorylation (pMLC) in HASM cells (n = 3 6 SEM). (B) TGF-b1 (10 ng/mL) pretreatment for 18 hours augments Cch (10 mM, 10 min) and Hist-induced (1 mM, 10 min) MLC20 phosphorylation (n = 5; *P < 0.05, ****P < 0.0001). (C) Inhibition of TGF-b receptor I (TbR-I) signaling decreases TGF-b1-induced pMLC. For these studies, HASM cells were stimulated with TGF-b1 for a total of 18 hours. Prior to collection, HASM cells were treated with the ALK5 inhibitor SB-431542 (5 mM) for 1 hour, stimulated acutely with vehicle, Cch (10 mM), or Hist (1 mM), then lysed and subjected to immunoblot (n = 5 6 SEM). *P < 0.05; **P , 0.01; ***P , 0.001; ****P < 0.0001. MLC20 = 20 kD myosin light chain 20.
No Significant Differences in TGF-b Family Ligand and Receptor Gene Expression between HASM Cells Derived from Donors with Fatal Asthma or No Asthma
Other investigators and we have demonstrated that HASM cells derived from donors with fatal asthma display distinct phenotypic differences compared with those derived from donors with no asthma (30) (31) (32) . To determine whether the observed differences could be due to differential expression of TGF-b signaling pathways, we used RNA sequencing to measure TGF-b family ligand and receptor transcript expression in HASM cells derived from donors with fatal asthma or no asthma ( Figure 6 ; Table E1 ). We observed no statistically significant differences between the two groups in terms of TGF-b1, TGF-b2, or TGF-b3 ligand or receptor transcript expression.
Discussion
Severe and persistent asthma is a disease characterized by a repetitive cycle of airway injury and repair. Studies suggest that repeated airway-injury repairs lead to increased airway resistance and AHR (6, 33) . However, the mechanisms that mediate AHR are not fully understood. Our findings suggest a unique role for TGF-b1 in mediating airway narrowing and augmenting agonist-induced shortening. To our knowledge, this is the first report to demonstrate that TGF-b1 directly modulates HASM cell shortening and hyperresponsiveness in asthma. Several cytokines have been previously established as mediators of AHR in asthma (34) . The role for TGF-b1 in AHR, however, has yet to be defined. In this study, we demonstrate that TGF-b1 augments basal and agonist-induced hPCLS bronchoconstriction, HASM cell stiffness, and MLC20 phosphorylation, suggesting a novel role for TGF-b1 in asthmatic airway obstruction through the mediation of HASM contraction (Figures 1, 2A-2C , and 3B). Additionally, TGF-b1-induced HASM cell contractility was both time and dose dependent (Figures 2A and 3A) , peaking after overnight treatment for up to 72 hours after exposure ( Figure 3A) . Together, these results suggest a role for TGF-b1 in mediating HASM contraction and AHR in asthma.
HASM contraction is mediated by E-C coupling, a process in which downstream signaling mediates [Ca 21 ] i levels and ROCK activation. Interestingly, we found that TGF-b1 augmented HASM cell shortening induced by two agonists that signal through different GPCRs (Figures 2C and 3B) . Thus, we hypothesized that TGF-b1's effects on HASM shortening and hyperresponsiveness occur downstream of the receptor level through the modulation of [Ca 21 ] i and/or ROCK activation. As a contractile agonist, TGF-b1 showed little augmentation of HASM cell [Ca 21 ] i transients over that of vehicle control ( Figure E1 ). Overnight TGF-b1 treatment, however, enhanced carbacholinduced [Ca 21 ] i levels ( Figure 2D ). Thus, our data suggest that TGF-b1-induced [Ca 21 ] i augmentation may play a modest role in mediating TGF-b1-induced HASM cell shortening and hyperresponsiveness.
In addition to the elevation of HASM cell [Ca 21 ] i , HASM E-C coupling is mediated by the activation of RhoA/ROCK signaling. Through the phosphorylation of MYPT1, we demonstrate that overnight TGF-b1 treatment augments basal ROCK activation in HASM cells ( Figure 4A) . Additionally, we demonstrate for the first time that TGF-b1 augments agonistinduced HASM cell MLC phosphorylation through ROCK activation ( Figure 4B ), suggesting the necessity of ROCK for TGF-b1-induced HASM cell hyperresponsiveness. ROCK is a known downstream effector of RhoA, and our lab has previously established a role for RhoA in the agonist-induced Ca 21 -sensitization pathway (29, 35) . Surprisingly, RhoA knockdown had little effect on TGFb1-induced MYPT1 and MLC20 phosphorylation ( Figure 4C ). Although the pathways by which TGF-b1 bypasses RhoA to activate ROCK in HASM cells remain unclear (Figure 7) , it is plausible that TGF-b1 augments HASM cell contraction by enhancing other Rho-family small GTPases that modulate ROCK activation and MLC20 phosphorylation upstream. Rac1 and Cdc42 are two such small GTPases that have been shown to have a role in mediating both HASM cell actin polymerization and the contraction of airway smooth muscle in various species (36, 37) . TGF-b1 may also enhance the expression of CPI-17, ROCK, or other downstream proteins in the HASM E-C coupling pathway, serving to prime the cell for augmented contractile responses to agonists (38) .
Activation of Smad2/3 is the canonical TGF-b1 signaling pathway in multiple cell types. Although Smad2 and Smad3 are similar in structure and function, literature suggests that the two proteins serve different functions in the cell (39, 40) . In our study, Smad3 knockdown significantly reduced TGF-b1-induced HASM cell shortening and hyperresponsiveness ( Figure 5A ). Interestingly, Smad3 knockdown also significantly decreased carbachol-induced HASM cell shortening. As the cooperation between TGF-b1 and muscarinic pathways has been previously described, it is plausible that Smad3 inhibition may negatively regulate muscarinic responses (41) . Notably, Smad2 knockdown alone exhibited little effect on TGF-b1 or carbachol-induced HASM cell shortening ( Figure 5B) . Additionally, knockdown of Smad4-an important component in Smad2/3 nuclear translocation-showed little reduction in TGF-b1-induced HASM cell shortening ( Figure E2 ). These data are in accordance with previous findings in fibroblasts demonstrating that Smad3 is a pivotal player in TGF-b1-induced contraction (42, 43) . However, our study is the first to suggest the necessity of Smad3 for TGF-b1-induced contraction and hyperresponsiveness in HASM cells ( Figure 5A ). Furthermore, as TGF-b1's effects occur through a pathway that is ROCK dependent but RhoA independent, the precise mechanisms linking TGF-b1 and Smad3 to ROCK activation remain an enigma ( Figure 7) .
In this study, we did not examine the effects of TGF-b1 on the expression of a-smooth muscle actin, smooth muscle myosin heavy chain, MLCK, or other contractile proteins. It is plausible that enhanced expression of these proteins may modulate TGF-b1's effects on HASM cell hyperresponsiveness. However, given the significant enhancement of MLC phosphorylation and HASM cell stiffness at time points as short as 1 hour (Figures 2A and 3A) , we posit that changes in contractile protein expression cannot fully explain the effects of TGF-b1 and Smad3 on basal and agonist-induced HASM cell shortening. Taken together, these data suggest a novel role for TGF-b1 and Smad3 in HASM cell E-C coupling and hyperresponsiveness.
Infiltrating eosinophils are a major source of TGF-b1 in the asthmatic airway (44, 45) . Additionally, most airway structural cells produce some levels of TGF-b1 (46, 47) . TGF-b1 protein levels are elevated in the bronchial lavage and epithelial lining fluid of patients with asthma, and TGF-b1 gene expression is increased in bronchial biopsies isolated from subjects with severe and moderate asthma as compared with biopsies from subjects with no asthma (44, (47) (48) (49) . In HASM cells, we observed little difference in TGF-b ligand and receptor gene expression levels between donors with fatal asthma and those with no asthma (Figure 6 ). However, it is plausible that HASM cell TGF-b1 signaling in asthma increases after increased production of TGF-b1 from alternative airway cell types, modulation of HASM cell TGF-b1 protein production or degradation, increased HASM cell TbR-I/II activation, or increased activation of TGF-b1 on the HASM cell surface. Airway injury, increased reactive oxygen species generation, and HASM contraction alone have been demonstrated to induce TGF-b1 activation, further reinforcing the notion that TGF-b1 plays an important role in modulating airway function (6, 50) . Thus, AHR may be closely linked to the airway injury-repair response that follows repeated asthma exacerbations. TGF-b1's prolonged effects on HASM shortening also indicate that elevation of TGF-b1 after airway injury may increase a patient's susceptibility to sustained airway obstruction. Therefore, our study establishes TGF-b1 as a potential link between airway injury and hyperresponsiveness in asthma. Furthermore, our data suggest that TGF-b1 or its signaling pathways may serve as an important therapeutic target for reducing AHR in asthma patients who are not sensitive to current therapies. n
